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Abstract 
Indirectly induced laser lift-off occurs at the interface of a transparent film and an underlying absorbing substrate. Induced 
laser ablation -
report on the selective laser structuring of copper-indium-diselenide (CIS) film on a molybdenum layer at a wavelength of 
1342 nm with nanosecond pulses by indirectly induced laser ablation. A wavelength of 1342 nm was chosen, because the 
CIS layer can act as a transparent film there and this wavelength can be generated with industrial reliability by a laser 
transition in Nd:Vanadate.  
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1. Motivation / State of the Art 
An industrial application for laser scribing of thin-film systems is the monolithic interconnection of copper 
- indium - diselenide (CIS) thin film solar cells. In industrial production lines, solar module interconnections 
are currently produced by nanosecond structuring for the separation of the molybdenum (Mo) p-contact and 
mechanical scribing of the CIS and zinc oxide (ZnO) layer (see Fig. 1) [1]. Our aim is to optimize the ablation 
of the CIS layer down to the molybdenum (P2) and increase the solar cell efficiency. The function of the P2 
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process is to open and form a trench for an efficient contacting of the subsequent deposited ZnO film to the 
molybdenum layer. Our previous work has shown that the P2 process can be performed with direct laser 
ablation by picosecond pulses. Compared to mechanical scribing the advantages of picosecond laser ablation 
are the structuring of narrow lines and the reduction of the electrical contact resistivity. But direct laser 
ablation allows only a limited feed rate, because a relatively high pulse to pulse overlap ratio of about 90% is 
necessary [2]. The ablation efficiency could be increased, if the layer is removed by a single laser pulse. This 
effect is called indirectly induced laser ablation or lift-off [3, 4]. Other groups showed that a lift-off at a 
wavelength of 1064 nm is possible [5, 6]. However, high efficient CIS absorbers have a smaller band gap, 
resulting in direct absorption of the 1064 nm laser pulse. For this reason we use a laser, emitting at a 
wavelength of 1342 nm wavelength, where even the high efficient absorbing CIS are transparent. 
2. Experimental 
The CIS solar cell (figure 1) consists of a glass substrate coated with three functional layers: molybdenum 
as the back contact, copper indium diselenid as the absorbing layer and zinc oxide as transparent front 
contact. In order to minimize ohmic losses in an about 1 m² large solar module, the module is divided into 5 
mm wide sub cells that are connected in series. The interconnection is performed in 3 steps, called pattern 1 -
 3: 1) separation of a 0.5 μm thick molybdenum layer on a 3 mm thick glass substrate (P1); 2) deposition and 
subsequent separation of about 3 μm CIS (P2); 3) deposition and subsequent separation of about 1 μm zinc 











Fig. 1. Cross section of the monolithic interconnection of a CIS thin film solar cell: The process steps for the monolithic interconnection 
are indicated with P1-P3, the dashed lines and arrows indicate the current flow 
For the laser  induced ablation of thin layers there are different ablation models, separated in direct and 
indirect laser ablation [4]. Fig. 2 shows a schematic model of the indirectly induced laser ablation on the 
example of the P2 ablation. Fig. 2a shows the CIS solar cell before the structuring of the P2 contact. The 
probe consists of the glass substrate coated with 0.5 μm Mo and 3 μm CIS. The laser pulse illustrated as an 
arrow irradiates the sample from the layer side. Fig. 2b illustrates the transmitted laser pulse through the CIS 
layer. After the passage through the transparent CIS layer the laser pulse is absorbed within the first 17 nm of 
the Mo layer. Subsequently the Mo is heated and evaporates, if the pulse peak fluence is higher than the 
threshold fluence (Fig. 2c). The change of the aggregate state of the Mo causes an increasing pressure at the 
Mo / CIS interface and the CIS layer starts to bulge (Fig. 2d). If the tensile strength of CIS is exceeded 
ablation takes place (Fig. 2e). The final state of the indirectly induced laser ablation of the P2 process is 
shown in Fig. 2f. 
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Fig. 2. Schematic view of the indirectly induced ablation.
a) The laser pulse irradiates the CIS layer
b) The laser pulse transmits trough the CIS layer
c) The laser pulse heats the Mo layer
d) The Mo expands and high pressure is created in the Mo / CIS interface causing the CIS layer to bulge
e) The CIS layer lifts-off
f) Final state of the ablation
In order to initiate the laser lift-off of the CIS layer, a diode-pumped solid-state laser of the Nanio series
from InnoLas Laser GmbH with a Nd:YVO4 crystal emitting at a wavelength of 1342 nm was chosen. The
laser specifications are 1 kHz repetition rate, 56 ns pulse duration (FWHM) and a M² of 1.2. The beam is 
focused with a lens (f = 120 mm) to an 18 μm spot radius (at the 1/e² intensity level). For the direct laser 
ablation the Q-switched active arc lamp-pumped Solid-state laser RSM 25Q of ROFIN SINAR was chosen 
(1064 nm wavelength, 1 kHz 50 kHz repetition rate and 174 ns pulse duration (FWHM)). The laser beam is
focused with a lens (f = 200 mm) to a 47 μm spot radius (at the 1/e² intensity level).
3. Results 
Several phenomena have been observed for the single pulse laser ablation of CIS. Figure 2a (1st row)
shows light microscopy, confocal images, cross section of the confocal image and a histogram of the direct 
laser ablation with the 1064 nm laser. A schematic cross section (3rd column) illustrates the ablation character 
of the produced crater. The laser pulse ablates the CIS layer (black) and creates melting on the ablation edge
(red). The depth and diameter of the crater depends on the irradiated pulse peak fluence and the laser pulse 
duration. The observations suggest that the laser pulse was absorbed by the CIS layer. As a consequence the
CIS was heated up, melted and evaporated.
Figure 2a (2nd row) shows microscopy images suggesting indirectly induced laser ablation with the 
1342 nm. A schematic cross section (3rd column) illustrates the ablation character of the produced ablation.
The laser pulse ablates the CIS layer (black) without melting on the ablation edge. The observations suggest 
that the laser pulse was transmitted through the CIS layer and absorbed by the Mo. As a consequence the Mo
is heated, expands and high pressure is created in the Mo / CIS interface causing the CIS layer to lift-off.
Figure 2a (3rd row) shows microscopy images of the laser ablation of CIS combined with damages in the
underlying Mo layer produced at a higher applied peak fluence as in the 2nd row. The schematic cross section 
(3rd column) shows the ablated spot in the CIS layer (black) and the Mo layer (grey) with melting on the
a) b) c)
d) e) f)
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ablation edge of the Mo crater (red). The diameter of the CIS ablation and Mo crater depends on the irradiated 
pulse peak fluence. It seems that the ablation behaves similar to figure 2a (2nd row), with additional ablation
of the Mo layer. This effect is not yet completely understood, further investigations have to be executed.
In the following all fluences are indicated as a function of the CIS punching threshold, for reasons of
confidentiality.
Fig. 3. single pulse laser ablation of CIGS on Mo (from left: microscope-, 3D confocal image, cross section, confocal microscope
histogram and schematical image)
1:   = 1064 nm, Puls = 174 ns, fRep = 1 kHz, w0 = 47 μm, 0 = 1 p ablation of CIS
2: Puls = 56 ns, fRep = 1 kHz, w0 = 18 μm, 0 p selective ablation of CIS
3: = 1342 nm, Puls = 56 ns, fRep = 1 kHz, w0 = 18 μm, 0 p ² ablation of CIS and Mo to the glass
Figure 4 shows the ablation threshold determination of CIS and Mo using a method described by Liu [10].
The punching threshold fluence of CIS on Mo thr = 1 p), the ablation threshold fluence of uncoated Mo
thr = 3 p) and the punching threshold of Mo coated with CIS thr = 6.5 p) are plotted. At fluences of 
1 p < 0 < 6.5 p the CIS layer is ablated and the Mo punch. Ablating with fluences of 
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Fig 4. Punching threshold determination of CIS on Mo thr = 1 p), Mo coated with CIS on glass thr = 6.5 p) and ablation threshold 
determination of uncoated Mo on glass thr = 3 p): pulse duration = 56 ns  = 1342 nm and w0 = 18 μm  
4. Discussion 
The results of the single pulse laser ablation suggest a process window of 1 p < 0 < 6.5 p for the 
selective CIS ablation. At fluences above 6.5 p the Mo layer is punched. The range between 
3 p < 0 < 6.5 p shows significant surface transformation of the Mo film. This results in a process window 
for the selective CIS ablation without surface transformation of the Mo layer for fluences in the range of 
1 p < 0 < 3 p. The existence of the process window was proven in additional experiments, where the CIS 
was selectively ablated by indirectly induced laser ablation at the described parameters. 
Comparing the ablation threshold of direct laser ablation of Mo on glass thr = 3 p) with the ablation 
threshold of Mo coated with CIS on glass thr = 6.5 p), it is observed that the ablation threshold of the Mo 
layer increases of 120% if it is coated with CIS. In contrary, in literature an example was described where the 
coating of an absorbing thin film with an transparent layer decreased the ablation threshold  [11]. This 
difference can be explained by differences in thickness, reflective index and absorption coefficient.  
5. Conclusion 
In this work two different laser ablations were compared: on the one hand the direct laser ablation and on 
the other hand the indirectly induced laser ablation. In the first case the irradiated material absorbs the pulse 
energy, melts and evaporates. In contrary, in the second case the material that has to be removed is transparent 
for the used laser wave length. As a result the laser pulse is absorbed in the underlying film. In our case the 
absorbing layer consists of  Mo. This leads to heating of the Mo layer, its expansion and the creation of high 
pressure in the CIS / Mo interface. The pressure causes the CIS layer to bulge and the lift-off takes place. 
Here we show and proof that it is possible to ablate a 2 μm thin CIS layer with single laser pulses by 
choosing a laser with the wavelength of 1342 nm. The created spots show no thermal damages of the 
surrounding CIS layer. The driving physical mechanism is assumed to be an indirectly induced laser ablation 
Process window 1,  
ablation without surface 
transformation of Mo 
Process window 2,  
ablation with surface 
transformation of  Mo 
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process.  
In the next steps lines should be structured with the indirectly induced laser ablation and should be 
compared with the direct laser writing of the P2 trench.  
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